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Abstract
We explain the existence of neutrino masses and their flavour structure, dark matter relic abundance
and the observed 3.5 keV X-ray line within the framework of a gauged U(1)Lµ−Lτ extension of the
“scotogenic” model. In the U(1)Lµ−Lτ symmetric limit, two of the RH neutrinos are degenerate in
mass, while the third is heavier. The U(1)Lµ−Lτ symmetry is broken spontaneously. Firstly, this
breaks the µ − τ symmetry in the light neutrino sector. Secondly, this results in mild splitting of the
two degenerate RH neutrinos, with their mass difference given in terms of the U(1)Lµ−Lτ breaking
parameter. Finally, we get a massive Zµτ gauge boson. Due to the added Z2 symmetry under which
the RH neutrinos and the inert doublet are odd, the canonical Type-I seesaw is forbidden and the tiny
neutrino masses are generated radiatively at one loop. The same Z2 symmetry also ensures that the
lightest RH neutrino is stable and the other two can only decay into the lightest one. This makes the
two nearly-degenerate lighter neutrinos a two-component dark matter, which in our model are produced
by the freeze-in mechanism via the decay of the Zµτ gauge boson in the early universe. We show that
the next-to-lightest RH neutrino has a very long lifetime and decays into the lightest one at the present
epoch explaining the observed 3.5 keV line.
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I. INTRODUCTION
Experimental proof of non-zero neutrino masses and mixing as well as the dark matter in the
universe remain the two most compelling evidences of the existence of physics beyond the stan-
dard model. Different neutrino oscillation experiments have confirmed the existence of flavour
oscillations which can be explained only if neutrinos have tiny masses and mixing [1–3]. On the
other hand, observations of the flatness of the galaxy rotation curve [4], gravitational lensing [5],
cosmic microwave background anisotropy [6, 7] and more recently the observation of bullet cluster
by NASA’s Chandra Satellite [8] demand that there must a non-baryonic component of matter
in the universe, usually referred to as dark matter (DM). One of the most promising particle DM
candidate is the Weakly Interacting Massive Particles (WIMP). However, the null result from the
different earth and satellite-based direct and indirect DM searches have put severe constraints
on the WIMP paradigm [9, 10]. One of the popular ways of shaking off the constraints from the
direct and indirect DM searches is to postulate that the interaction strength of the DM with
the standard model particles is extremely feeble. Such DM candidates go by the generic name
Feebly Interacting Massive Particles (FIMP) [11–23] . Since their coupling with the standard
model particles is feeble, they remain out of thermal equilibrium during the early universe when
they are produced. Hence, these non-thermal particles are produced by the so-called freeze-in
[11] mechanism instead of the freeze-out process which produces thermal relics.
More recently, the observation of an unknown 3.5 keV X-ray line in galaxies clusters [24, 25]
and from the Galactic centre (GC) has been under much debate [26]. This excess has been
confirmed by both the Chandra as well as NuSTAR satellites [26]. It has been argued that
this signal can come from iron line background and S XVI charge exchange. Also such line has
not been observed instead in stacked dwarf spheroidal galaxies [27], nor in galaxy spectra [28].
Nevertheless this signal has excited a lot of theoretical activity and can be explained by a plethora
of theoretical models [29–58]. Generically it points towards a very weakly interacting Dark Matter
like a light sterile neutrino, decaying into active neutrino and photon [59], but it can also arise
from heavier DM particles in presence of mass degeneracy or from DM annihilation.
We address the issue of the observed neutrino masses and mixing, dark matter abundance of
the universe and the 3.5 keV line within a BSM (Beyond SM) model, where we have naturally a
two component Dark Matter and a nearly degenerate long-lived state. We extend the SM gauge
group by an anomaly free local U(1)Lµ−Lτ symmetry [60–63]. We break this gauge symmetry
spontaneously by introducing in the model a SM singlet scalar charged under U(1)Lµ−Lτ . The
mass of the resultant neutral gauge boson is given in terms of the new gauge coupling and vacuum
expectation value (VEV) of this scalar. Also included in the model are three RH neutrinos and
a SM (inert) doublet scalar, both of which carry −1 charge with respect to an additional Z2
symmetry, while all other particles carry charge +1. This forbids all Yukawa couplings of this
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doublet with the SM fermions (thereby earning the name, inert doublet) and the only Yukawa
term where it appears is the one with the RH neutrinos. The Z2 symmetry also forbids the
normal Yukawa coupling involving the lepton doublets, RH neutrinos and the SM Higgs doublet.
On the other hand, the allowed Yukawa coupling between the lepton doublets, RH neutrinos and
the inert doublet does not lead to a Dirac-like mass term since the inert doublet does not take
a VEV. As a result, light neutrino masses via Type-I seesaw is forbidden. However, the light
neutrinos get mass radiatively at one-loop, where the RH neutrinos and the inert doublet run
in the loop [64]. The RH neutrinos protected by the Z2 symmetry become the dark matter of
the universe. The Z2 symmetry allows the RH neutrinos to be coupled only to the Higgs sector
and the Zµτ . We invoke a non-thermal production mechanism for the generation of DM in the
early universe via the freeze-in mechanism [11] wherein the RH neutrinos are mainly produced
by out-of-equilibrium decays of Zµτ gauge bosons.
The 3.5 keV γ line can be explained by the decay of a heavy RH neutrino to another RH
neutrino if the two states are nearly degenerate and the mass splitting is 3.5 keV [47, 49].
Moreover the lifetime of the next-to-lightest neutrino has to be sufficiently long. Both conditions
are naturally realised in our scenario. Indeed we will see that in the U(1)Lµ−Lτ symmetric limit,
the Lµ − Lτ symmetry enforces two completely degenerate states and one heavier state for the
RH mass spectrum in our model. The two lighter degenerate RH neutrino states play the role of
a two-component dark matter. The spontaneous breaking of U(1)Lµ−Lτ results in a small mass
splitting between the two degenerate RH neutrinos, determined by the symmetry breaking scale
and Yukawa couplings of the RH neutrinos. The lifetime of the heavier state is longer than the
age of the Universe due both to the phase-space suppression and to the small parameters needed
to explain the light neutrino masses.
The rest of the article is organised in the following way. In Section II we describe the model
in detail. In Section III, we discuss the effect of U(1)Lµ−Lτ and its breaking on the RH neutrino
mass spectrum. In Section IV we present our formalism for the freeze-in production of the RH
neutrino DM. In section we show our results on the DM relic abundance and discuss all aspects
related to it. In Section V and Section VI we will present our DM results and explain the origin
of 3.5 keV line in our model from the RH neutrino decay respectively. We finally conclude in
Section VII.
II. MODEL
The complete gauge group in our model is, SU(2)L × U(1)Y × U(1)Lµ−Lτ . In addition to the
SM particles, we augment our model with a SM scalar doublet, a SM scalar singlet and three RH
neutrinos. We also impose a Z2 symmetry to make the additional doublet inert. The Z2 charge
of the RH neutrinos are also taken to be −1 to keep them stable, such that they could be dark
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matter candidates. The complete fermionic and scalar particle content of the model and their
corresponding charges under the different symmetry groups are shown in Tables I and II:
Gauge
Group
SU(2)L
U(1)Y
Z2
Baryon Fields
QiL = (u
i
L, d
i
L)
T uiR d
i
R
2 1 1
1/6 2/3 −1/3
+ + +
Lepton Fields
LiL = (ν
i
L, e
i
L)
T eiR N
i
R
2 1 1
−1/2 −1 0
+ + −
Scalar Fields
φh φH η
2 1 2
1/2 0 1/2
+ + −
Table I: Particle contents and their corresponding charges under SM gauge group and discrete group
Z2.
Gauge
Group
U(1)Lµ−Lτ
Baryonic Fields
(QiL, u
i
R, d
i
R)
0
Lepton Fields
(LeL, eR, N
e
R) (L
µ
L, µR, N
µ
R) (L
τ
L, τR, N
τ
R)
0 1 −1
Scalar Fields
φh φH η
0 1 0
Table II: Particle contents and their corresponding charges under U(1)Lµ−Lτ .
The complete Lagrangian L for the present model is as follows,
L = LSM + LN + (DµφH)†(DµφH) + (Dµη)†(Dµη) +
∑
j=µ, τ
Qj L¯jγρLjZ
ρ
µτ
−1
4
Fµτ ρσFµτ
ρσ − V (φh, φH , η) , (1)
where φh and η are two SU(2)L doublets while φH is a scalar singlet. Moreover, Q
j = 1(−1) for
j = µ(τ) where Lj = (νj j)
T . Here, one of the scalar doublets namely η which is odd under
Z2 symmetry, does not have any Yukawa interaction involving only SM fermions and acts like
an inert doublet. For the same symmetry reason it does not have any VEV. The field strength
tensor for the extra neutral gauge field Zµτ corresponding to gauge group U(1)Lµ−Lτ is denoted
by Fµτ . In principle we should include a mixing term between the SM neutral gauge boson Z and
the new neutral gauge boson Zµτ . The experimental bound restricts this mixing to be < 10
−3
br the LEP II [65, 66]. In this work we assume no mixing between the neutral gauge bosons
of SM and U(1)Lµ−Lτ . Indeed, if such mixing is generated at the loop level, we expect it to be
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suppressed not only by loop factors, but also by the gauge coupling gµτ
1 rendering it negligible
in our discussion. The Lagrangian for the three RH neutrinos LN after obeying all the symmetry
has the following form,
LN =
∑
i=e, µ, τ
i
2
N¯iγ
µDµNi − 1
2
Mee N¯ ceNe −
1
2
Mµτ (N¯ cµNτ + N¯
c
τNµ)
−1
2
heµ(N¯ ceNµ + N¯
c
µNe)φ
†
H −
1
2
heτ (N¯ ceNτ + N¯
c
τNe)φH
−
∑
α=e, µ, τ
hαL¯αη˜Nα + h.c. , (2)
where η˜ = iσ2η
∗. The potential V (φh, φH , η) in Eq. (1) contains all possible interaction terms
involving the two SM scalar doublets and one SM scalar singlet,
V (φh, φH , η) = −µ2Hφ†HφH − µ2hφ†hφh + µ2ηη†η + λ1(φ†hφh)2 + λ2(η†η)2 + λ3(φ†HφH)2
+λ12(φ
†
hφh)(η
†η) + λ13(φ
†
hφh)(φ
†
HφH) + λ23(φ
†
HφH)(η
†η) + λ4(φ
†
hη)(η
†φh)
+
1
2
λ5
(
(φ†hη)
2 + h.c.
)
. (3)
After spontaneous breaking of U(1)Lµ−Lτ and SU(2)L × U(1)Y , the scalars take the following
form,
φh =
 0v +H√
2
 , φH = (vµτ +Hµτ√
2
)
, η =
 η+η0R + i η0I√
2
 . (4)
There is mixing between the neutral components of φh and φH , and the off diagonal elements of
the mass matrix are proportional to the parameter λ13. After diagonalising the mass matrix one
obtains two physical scalar states h1 and h2. Masses of h1, h2 and mixing angle α are given by
M2h1 = λ1v
2 + λ3v
2
µτ −
√
(λ3v2µτ − λ1v2)2 + (λ13 v vµτ )2 , (5)
M2h2 = λ1v
2 + λ3v
2
µτ +
√
(λ3v2µτ − λ1v2)2 + (λ13 v vµτ )2 , (6)
tan 2α =
λ13 vµτ v
λ3v2µτ − λ1v2
. (7)
The lighter Higgs state h1, for small mixing angle α and vµτ  v, behaves as the Standard Model
Higgs observed at the LHC [67, 68] and therefore we will take its mass to be 125.5 GeV. From the
1 In this work, to maintain the nonthermal nature of our DM candidates we consider gµτ ∼ 10−11 (see Section
V).
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above Eq. (5)-(7), we can also write down the quartic couplings in terms of the physical masses
of the Higgses Mh1 and Mh2 and the mixing angle α. The expressions are as follows,
λ3 =
M2h1 +M
2
h2
+ (M2h2 −M2h1) cos 2α
4 v2µτ
,
λ1 =
M2h1 +M
2
h2
+ (M2h1 −M2h2) cos 2α
4 v2
,
λ13 =
(M2h2 −M2h1) cosα sinα
v vµτ
, (8)
In order to obtained a stable vacuum, the quartic couplings need to satisfy the following inequal-
ities,
λ1 ≥ 0, λ2 ≥ 0, λ3 ≥ 0,
λ12 ≥ −2
√
λ1 λ2,
λ13 ≥ −2
√
λ1 λ3,
λ23 ≥ −2
√
λ2 λ3,
λ12 + λ4 − |λ5| ≥ −2
√
λ1 λ2,√
λ13 + 2
√
λ1 λ3
√
λ23 + 2
√
λ2 λ3
√
λ12 + λ4 − |λ5|+ 2
√
λ1 λ2
+2
√
λ1λ2λ3 + λ13
√
λ2 + λ23
√
λ1 + (λ12 + λ4 − |λ5|)
√
λ3 ≥ 0 ,√
λ13 + 2
√
λ1 λ3
√
λ23 + 2
√
λ2 λ3
√
λ12 + 2
√
λ1 λ2
+2
√
λ1λ2λ3 + λ13
√
λ2 + λ23
√
λ1 + λ12
√
λ3 ≥ 0 . (9)
As we will see in the result section (Section V), in our analysis the value of the extra singlet
scalar vev is around 1014 GeV, mass of BSM Higgs Mh2 = 5 TeV and the mixing angle between
the neutral components of Higgses α = 0.01. Hence, we get the following values for the quartic
couplings by using the Eq. (8),
λ1 = 0.15, λ3 = 1.25× 10−21 and λ13 = 1.01× 10−11 . (10)
All the values of the quartic couplings as shown above are positive and in the present case the
quartic couplings which are related to the inert doublet are free parameters (except λ5, which
we have considered ∼ 10−3 to obtain light neutrino masses in sub-eV range), hence all the
inequalities as prescribed in Eq. (9) are inevitably satisfied.
On the other hand the masses of the inert doublet components after symmetry breaking can
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be expressed in the following form,
M2η± = µ
2
η +
1
2
(
λ12v
2 + λ23v
2
µτ
)
,
M2η0R
= µ2η +
1
2
λ23 v
2
µτ +
1
2
(λ12 + λ4 + λ5) v
2 ,
M2η0I
= µ2η +
1
2
λ23 v
2
µτ +
1
2
(λ12 + λ4 − λ5) v2 , (11)
The mass term for the extra neutral gauge boson Zµτ is also generated when φH acquires a
nonzero VEV vµτ such that
MZµτ = gµτ vµτ , (12)
where gµτ is the gauge coupling corresponding to gauge group U(1)Lµ−Lτ . In this model all
three RH neutrinos are odd under the Z2 symmetry. However, the mass of N1 comes out to
be higher than that of N2 and N3, so that N1 can decay to the lighter RH neutrinos. Also,
we will see in Section III that the masses of N2 and N3 are nearly degenerate because of the
Lµ − Lτ symmetry, so that both can play the role of dark matter candidate. Furthermore, in
Section IV we will show that the RH neutrinos can be produced by the freeze-in mechanism in
the early Universe, which requires a tiny gauge coupling gµτ ∼ O(10−11). Thus, in order to have
a TeV scale gauge boson Zµτ we need large vµτ . Therefore, by choosing appropriate values of
the relevant model parameters we can make the masses of inert doublet components higher than
the reheat temperature of the universe so that their effect on the production of N2 and N3 can
be safely neglected.
III. HEAVY AND LIGHT NEUTRINO MASSES
In this section we will show how the U(1)Lµ−Lτ symmetry determines the mass spectrum and
mixing angles of all the six neutrinos, the three heavy ones as well as the three light ones. The
relevant part of the Lagrangian was given in Eq. (2) where the first term gives the kinetic part
while the rest give the mass terms and Yukawa terms involving the neutrinos. After U(1)Lµ−Lτ
and electroweak symmetry breaking the mass matrix for the RH neutrinos is given by
MR =

Mee
vµτ√
2
heµ
vµτ√
2
heτ
vµτ√
2
heµ 0 Mµτ e
iξ
vµτ√
2
heτ Mµτ e
iξ 0

, (13)
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where the terms involving the VEV vµτ appear after U(1)Lµ−Lτ breaking. In the limit that
U(1)Lµ−Lτ is unbroken, the RH neutrino mass matrix is given by
MR =

Mee 0 0
0 0 Mµτ e
iξ
0 Mµτ e
iξ 0
 . (14)
Eigenvalues of Eq. (14) are
M ′2/3 = ±Mµτeiξ
M ′1 = Mee , (15)
giving very naturally two degenerate RH neutrinos with opposite parity. The U(1)Lµ−Lτ breaking
terms in Eq. (13) brings corrections to the RH neutrino mass spectrum, breaking the degeneracy
between N2 and N3. The mass splitting between them is given at first order for Mee Mµτ by
∆M23 =
(heµ + heτ )
2v2µτ
2Mee
. (16)
Hence, the mass splitting between N2 and N3 depends on the U(1)Lµ−Lτ breaking VEV vµτ and
the Yukawa couplings heµ and heτ . In what follows, we will see that vµτ will be determined by
the choice of the Zµτ gauge boson. However, the Yukawa couplings heµ and heτ can be suitably
adjusted to yield a mass splitting of 3.5 keV, needed to explain the 3.5 keV X-ray line from
N2 → N3γ decay.
Despite having the RH neutrinos in this model, the masses for light neutrinos cannot be
generated by the Type-I seesaw mechanism since the normal Yukawa term involving the RH
neutrinos, lepton doublets and the standard model Higgs φh is forbidden by the Z2 symmetry.
The other Yukawa term between the RH neutrinos, lepton doublets and inert doublet η is allowed,
but η does not take any VEV. Hence, there is no mass term for the light neutrinos at the tree-
level. However, masses for the light neutrinos gets generated radiatively at the one-loop level [64]
through the diagram shown in Fig. 1, giving the following mass matrix for the light neutrinos
[64]
Mνij =
∑
k
yik yjkMk
16pi2
[
M2
η0R
M2
η0R
−M2k
ln
M2
η0R
M2k
−
M2
η0I
M2
η0I
−M2k
ln
M2
η0I
M2k
]
, (17)
where Mk is the mass of k
th RH neutrino while Mη0R, η0I is the mass of η
0
R, I . The quantities
yji = hjUji, where hj are the Yukawa couplings in the last term of Eq. (2) and Uji are the
8
νi Nk νj
η0η0
φ0h φ
0
h
Figure 1: Radiative neutrino mass generation by one loop.
elements of the RH neutrino mixing matrix since the flavour basis (Nα, α = 1, 2, 3) of the
RH neutrinos and their mass basis (Ni, i = 1, 2 3) are related by a unitary transformation,
Nα =
∑
UαiNi. If we put this relation into the last term of Eq. (2), one can write the Yukawa
term involving SM leptons and RH neutrinos in the following way
LN ⊃ hjL¯j η˜UjiNi = yjiL¯j η˜Ni . (18)
If we consider the mass square difference between η0R and η
0
I i.e. M
2
η0R
−M2
η0I
= λ5v
2 << M20
where M20 = (M
2
η0R
+M2
η0I
)/2 then the above expression reduces to the following form,
Mνij =
λ5v
2
16pi2
∑
k
yik yjkMk
M20 −M2k
[
1− M
2
k
M20 −M2k
ln
M20
M2k
]
. (19)
In this work we have considered the masses of inert scalars greater than the reheat temperature
of the Universe, i.e. Mη0R, I ∼ 106 GeV. The masses of RH neutrinos we consider to be around
∼ 100 GeV. If we take the parameter λ5 ∼ 10−3 and v = 246 GeV, then to obtain the neutrino
masses of the order of Mν ∼ 10−11 GeV, we need y2ji ∼ 10−1 which can be easily obtained. The
U(1)Lµ−Lτ breaking ensures that the mixing angle θ13 is non-zero and θ23 is non-maximal.
IV. PRODUCTION OF DARK MATTER
We consider the non-thermal production of dark matter candidates. Hence, the initial number
densities of these particles are assumed to be negligibly small and their interactions with the
particles in the thermal bath are also extremely feeble. As mentioned before, the lighter RH
neutrino states N2 and N3 are our dark matter candidates, stabilised by the Z2 symmetry.
Because of their gauge and Z2 charges they could be produced only through the decay of Zµτ
and h1
2 and h2 bosons. In what follows, we will see that the dominant production channel
2 Since the mass of the SM-like Higgs has to be kept at 125.5 GeV, the decay channel h1 → NiNj will be
kinematically allowed only for lighter Ni/Nj masses.
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for the RH neutrinos is via the decay of Zµτ . In order for the total abundances of N2, N3 to
match the observed DM relic density at the present epoch, the gauge coupling has to be small
gµτ <∼ 10−11. Since all the interactions of Zµτ are proportional to the gauge coupling gµτ , the
requirement of such a tiny gauge coupling makes the additional neutral gauge boson Zµτ also
decoupled from the thermal bath. Therefore, before computing the DM number density we first
need to know the distribution function of mother particle Zµτ by solving the relevant Boltzmann
equation. The most general form of the Boltzmann equation describing the distribution function
of any species can be expressed as,
Lˆ [f ] = C [f ] (20)
where Lˆ is the Liouville operator and f is the distribution function which we want to compute
while in the RHS the term C contains interaction processes which are responsible for changing
the number density of the species under considering. C is known as the collision term. If one
considers an isotropic and homogeneous Universe then using the FRW metric, the Liouville
operator 3 takes the following form,
Lˆ =
∂
∂t
−H p ∂
∂p
, (21)
where p is magnitude of three momentum and H is the Hubble parameter. Now, we change the
variables (p, t) to a new set of variables (ξp, r) using a transformation as mentioned in Ref. [19]
r =
Msc
T
, ξp =
(
gs(T0)
gs(T )
)1/3
p
T
. (22)
Msc is some reference mass scale. Using the time-Temperature relationship
dT
dt
=
−H T
(
1 + T g
′
s(T )
3 gs(T )
)−1
, the Liouville operator defined in Eq. (21) can be reduced to the following
form containing a derivative with respect to a single variable, i.e.
Lˆ = r H
(
1 +
Tg′s
3gs
)−1
∂
∂ r
(23)
where gs(T ) and g
′
s(T ) are the effective number of degrees of freedom (d.o.f) related to entropy
of the Universe and its derivative with respect to the temperature T .
The Boltzmann equation to determine the distribution function (fZµτ ) of Zµτ is then given
by,
LˆfZµτ =
∑
i=1,2
Chi→ZµτZµτ + CZµτ→ all , (24)
3 General form of the Liouville operator is, Lˆ = pα ∂∂xα − Γαβγpβpγ ∂∂pα where pα is the four momentum and Γαβγ
is the affine connection by which gravitational interaction enters in the equation.
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where the first term in the RHS represents the production of Zµτ from the decays of scalars h1
and h2 while the second term describing the depletion of Zµτ due to its all possible decay modes.
The expressions of collision terms Chi→ZµτZµτ and CZµτ→ all are given in Appendix A. Note that
generically also scattering processes, which change the Zµτ number, are present, but those give a
subleading contribution compared to the decay (see e.g. the Appendix of [51] for a discussion).
Once we numerically evaluate the non thermal momentum distribution of the gauge boson
Zµτ , we can easily determine the number density of Zµτ using following relation
nZµτ (r) =
g T 3
2pi2
B(r)3
∫
dξp ξ
2
p fZµτ (ξp, r) , (25)
where
B(r) =
(
gs(T0)
gs(T )
)1/3
=
(
gs(Msc/r)
gs(Msc/r0)
)1/3
. (26)
Here T0 is the initial temperature and Msc is some reference mass scale. In this work we take
T0 = 10 TeV and Msc = Mh1 = 125.5 GeV, the mass of SM Higgs boson. The entropy density of
the Universe is given by [69],
s =
2pi2
45
gs(T )T
3 . (27)
Therefore, after determining the number density of Zµτ and the entropy of the Universe one can
determine the comoving number density using the following relation,
YZµτ =
nZµτ
s
. (28)
Finally, to determine the comoving number densities of DM components N2 and N3, we need
to solve the relevant Boltzmann equation for N2 and N3, which can be written in a generic form,
dYNj
dr
=
VijMpl r
√
g?(r)
1.66M2sc gs(r)
[∑
k=1,2
∑
i=1,2,3
〈Γhk→Nj Ni〉(Yhk − YNjYNi)
]
+
VijMpl r
√
g?(r)
1.66M2sc gs(r)
∑
i=1,2,3
〈ΓZµτ→NjNi〉NTH (YZµτ − YNjYNi) , (29)
where Mpl is the Planck mass while g?(r) =
gs(r)√
gρ(r)
(
1− 1
3
d ln gs(r)
d ln r
)
is a function of gρ(r) and gs(r).
The parameter Vij = 2 for i = j and equal to 1 otherwise. The first term in the above equation
represents the production of Nj from the decays of scalar fields h1 and h2. Since these scalar
fields remain in thermal equilibrium throughout their cosmological evolution, one can consider
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their distribution function as Maxwell-Boltzmann distribution. Therefore the thermal averaged
decay width for a process h(k)→ Nj Ni is given by [70]
〈Γhk→Nj Ni〉 = Γhk→Nj Ni
K1
(
r
Mhk
Msc
)
K2
(
r
Mhk
Msc
) , (30)
where Ki is the Modified Bessel function of i
th kind. As the neutral gauge boson Zµτ is not in
r=0.02
Non-thermal
Thermal
ξ p2
 f Z
μτ
(ξ
p)
10−24
10−18
10−12
10−6
1
ξp
10−4 10−3 0.01 0.1 1 10 100 1000
Figure 2: Thernal and Non-thermal distribution function of Zµτ gauge boson.
thermal equilibrium (due to very small value of gµτ ), one cannot assume a Maxwell-Boltzmann
distribution function for Zµτ . The distribution fZµτ of Zµτ can be found by solving Eq. (24) and
we have shown it in Fig. 2. Although the shape of the distribution is similar in both cases but
they differ by magnitude because in the current case Zµτ is always out of equilibrium and never
attains equilibrium value. Once we get the distribution function fZµτ the non-thermal average
of decay width for the process Zµτ → NjNi can be computed as follows
〈ΓZµτ→NjNi〉NTH = MZµτΓZµτ→NjNi
∫ fZµτ (p)√
p2+M2Zµτ
d3p∫
fZµτ (p)d
3p
. (31)
All the relevant decay widths of h2 and Zµτ needed in Eq. (29) are given in Appendix A in detail.
After solving the above Boltzmann equations for j=2 and j=3, we can determine the comoving
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number density of the DM candidates N2 and N3. Therefore, one can easily determine the total
DM relic density for N2 and N3 candidates by using the following relation [71],
ΩDMh
2 = 2.755× 108
(
MN2
GeV
)
YN2(TNow) + 2.755× 108
(
MN3
GeV
)
YN3(TNow) . (32)
V. RESULTS
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Figure 3: Left panel: Variation of relic density with r and contributions from h2 and Zµτ in the DM
production. Right panel: Variation of comoving number density of Zµτ and N2, N3 with r for three
different values of gauge boson mass. Other parameters have been kept fixed at gµτ = 1.01 × 10−11,
mixing angle α = 0.01, gauge boson mass MZµτ = 1 TeV, DM mass MDM = 100 GeV, BSM Higgs mass
Mh2 = 5 TeV and RH neutrinos masses MN1 = 150 GeV and MDM = MN2 'MN3 = 100 GeV.
Using Eqs. (29), (30), (31) and (32) we numerically compute the DM abundance. In the left
panel of Fig. 3 we show the time evolution of the DM relic density with r(= Mh1/T ). The left
panel of the this figure shows the comparative contribution for the two DM production channels,
Zµτ → NiNj and h2 → NiNj. We have taken masses of the RH neutrinos N2 and N3 as 100 GeV
and hence the decay of SM-like Higgs h1 to a pair of RH neutrinos is kinematically forbidden.
From the left panel we see that for the large value of BSM Higgs mass (Mh2 ∼ 5 TeV), the
DM production at low r (which corresponds to high T ) is dominated by h2 decay. However, as
the temperature of the universe falls and goes below the mass of the Zµτ gauge bosons, they
get produced, and for high value of r (which corresponds to comparably lower temperature of
the universe), the DM production via the Zµτ decay channel dominates. The reason for this
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dominance can be understood as follows. From Eqs. (A3) and (A7) given in Appendix A, we
see that the decay width ΓZµτ→NiNj ∝ MZµτ g2µτ while Γh2→NiNj ∝ Mh2heαheβ, where heαheβ are
products of two any of the Yukawa couplings heµ and heτ that appeared in Eq. (2). Since we
have chosen MZµτ ∼Mh2 we can write
ΓZµτ→NiNj
Γh2→NiNj
∝ g
2
µτ
heαheβ
, (33)
Since the Yukawa couplings heα appear as the U(1)Lµ−Lτ breaking terms in the RH neutrino mass
matrix which instruments the splitting of 3.5 keV between N2 and N3 we have from Eq. (13)
Veα =
heαvµτ√
2
∼ 0.1 GeV . (34)
Inserting this in Eq. (33) and using the relation MZµτ = gµτvµτ we get
ΓZµτ→NiNj
Γh2→NiNj
∝ M
2
Zµτ
V 2eα
, (35)
explaining the dominance of the Zµτ decay channel.
In the right panel of Fig. 3 we show the variation of the comoving number densities of the
Zµτ gauge boson vis-a-vis that of the sum of N2 and N3. We show this as function of r for three
different values of the gauge boson mass MZµτ .
The abundance YZµτ (indicated by the dash line) has an initial rise, then flattens and finally
decays. One can see from Eq. (24) that there are two collision terms in the Boltzmann Equation,
one for Zµτ production and another one for its decay to all possible channels and they are active
at different times. Note that the maximal abundance of Zµτ can be easily estimated also by the
analytic formula for FIMP production, i.e. for MZµτ Mh2
ΩFIh2 = 1.09× 1027 g
g
3/2
S
MZµτ
M2h2
Γh2→ZµτZµτ ∼ 2.18× 1024
g2µτMh2
32piMZµτ
= 8.54; , (36)
where g counts the number of internal degrees of freedom of the mother particle. According to
eq. (32) this corresponds to YZµτ = 0.3 × 10−10 and is in perfect agreement with the plateau in
Fig. 3. One interesting point to note is that as we increase the Zµτ mass MZµτ , keeping gµτ fixed,
the DM abundance decreases instead of increasing, as explained by the relation above. In the
same figure also the production of dark matter as a result of the out-of-equilibrium decay of Zµτ
can be seen beautifully. Less production of Zµτ results in lower DM abundance, since practically
every Zµτ produces two Dark Matter particles.
The left panel of Fig. 4 shows the variation of relic density with the parameter r for different
initial temperature Tini (temperature where DM relic density is taken as zero). Important point
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Figure 4: Left (Right) panel: Variation of relic density with r for different initial temperature (for
different gauge coupling values), while the other parameters have been kept fixed at gµτ = 1.01× 10−11
(Tini = 10 TeV), mixing angle α = 0.01, gauge boson mass MZµτ = 1 TeV, BSM Higgs mass Mh2 = 5
TeV and RH neutrinos masses MN1 = 150 GeV, MN2 'MN3 = 100 GeV.
to note here that as long as the initial temperature is above the mass of the gauge boson Zµτ ,
final relic density remains the same. However, when we reduce the initial temperature below
the Zµτ mass (shown by the cyan color curve) then final abundance reduces significantly due to
the Boltzmann suppression factor. In the right panel we show the variation of DM relic density
with r for different gauge coupling values (gµτ ). One can see from the figure that if we increase
the value of the gauge coupling, the DM production rate as well as the total DM abundance
increases. The reason can be understood from Eq. (A3) which shows that the DM production
rate, which is almost the same as the Zµτ decay rate, is proportional to the second power of gµτ .
In the present model for gµτ = 1.01× 10−11 we achieve the correct DM relic density value of the
universe. In both the panels of Fig. 4, the horizontal magenta line corresponds to the present
day correct DM relic density value of the universe. For the rest of the analysis, we have fixed
the initial temperature of the universe at 10 TeV.
In the left panel of Fig. 5, we present the variation of the DM relic density for three different
values of the DM mass MDM (=MN2 ,MN3). As shown in Eq. (32) that DM relic density is
proportional to the DM mass MN2 and MN3 and this dependence is evident in the left panel of
Fig. 5. For the chosen value of the parameters (mentioned in the caption), we have obtained
correct relic density value (indicated by the horizontal line) of the universe for DM mass value
MDM = MN2 ' MN3 = 100 GeV, this value will be different for different set of values of the
other parameters. In the right panel of Fig. 5, we show the decay contributions of Zµτ in different
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Figure 5: Left (Right) panel: Variation of relic density with r for different values of DM mass (Contri-
butions in the relic density of DM from different channels of Zµτ ), while the other parameters have been
kept fixed at gµτ = 1.01×10−11, mixing angle α = 0.01, gauge boson mass MZµτ = 1 TeV (MDM = 100
GeV), BSM Higgs mass Mh2 = 5 TeV and RH neutrinos masses MN1 = 150 GeV, MDM = MN2 'MN3
= 100 GeV.
channels. The relative contributions among the different channels is seen to differ significantly
and the decay rate into N2N3 dominates naturally producing equal populations of the two Dark
Matter candidates. Indeed, to produce degenerate neutrinos i.e. MN2 'MN3 , we have considered
relatively small values of heµvµτ√
2
and heτvµτ√
2
(∼ 0.1), as discussed before. Therefore, the elements of
the unitary matrix which relate the flavour and mass basis of the RH neutrinos take the following
form, U11 ∼ 1, U12, U13, U21, U31 ∼ 0.01, U22 = U23 = 1√2 and U32 = −U33 = − 1√2 . Therefore, it
is clear from the couplings (as listed in Eq. (A4)) that the dominant channel for DM production
is Zµτ → N2N3, while the other channels will be suppressed which is clearly visible in the right
panel of Fig. 3. Similar considerations will also be true for the N3 DM production channels.
VI. 3.5 KEV γ RAY LINE
Finally, we come to the explanation of the 3.5 keV γ-ray line from the RH neutrino radiative
decay N2 → N3 γ. Since the photon flux for a decaying Dark Matter candidate is given by
Φ =
1
4piMN2τN2
∫
l.o.s.
ρN2(~r)d~r (37)
where the last integral over the N2 density is computed along the line of sight and τN2 is the
lifetime of the heavier DM particle N2. In order to explain the 3.5 keV line from a decay such
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Figure 6: Radiative decay of RH neutrino (N2 → N3 γ) and 3.55 keV γ-line.
as N2 → N3 γ, we need not only a mass splitting between the two fermion states of ∼ 3.5 keV,
but also a decay width of the unstable DM given as,
Γ(N2 → N3γ) = (0.72− 6.6)× 10−52 GeV
(
MN2
3.5 keV
)
= (0.2− 1.9)× 10−44 GeV
(
MN2
100 GeV
)
.(38)
Here we are assuming that the density of N2 is approximately half of the DM density and rescaled
the result of [24] accordingly.
The relevant decay diagrams for N2 are shown in Fig. 6. We consider N2 to be slightly heavier
than N3 (∼ 3.5 keV) so that it can produce the 3.5 keV γ-ray line. As discussed before, the 3.5
keV mass splitting between nearly-degenerate N2 and N3 can be easily achieved in our model
via the U(1)Lµ−Lτ symmetry and its breaking parameters. So we take Veα =
heαvµτ√
2
∼ 0.1 GeV
(α = µ, τ) and by suitably adjusting the Veα parameters we can generate the 3.5 keV mass gap
between N2 and N3. For the U(1)Lµ−Lτ conserving leading terms in Eq. (13) we take the values
Mee = 11 TeV and Mµτ = 100 GeV which gives us MN2 and MN3 ∼ 100 GeV with opposite CP
parities [59]. Ref. [59] has pointed out that if N2 and N3 have opposite CP, then the transition
from N2 to N3 is governed only by the magnetic moment term (µ23), generated at one loop level
as shown in Figure 6. Therefore, the effective Lagrangian for the decay process N2 → N3 γ is
given as
Leff ≈ i µ23
2
N¯2 σ
µνN3 Fµν . (39)
In determining the expression for the above decay process we consider the ratio of lepton mass
to RH neutrino mass to be very small ( Ml
MN2
 1). Also, the ratio of the RH neutrino mass and
the inert doublet mass is very small i.e.
MN2
Mη
 1. The decay width of N2 comes out as [72],
Γ(N2 → N3γ) = µ
2
23
4pi
δ3
(
1− P MN3
MN2
)2
, (40)
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where δ =
MN2
2
(1− M
2
N3
M2N2
), P gives the relative CP of the two neutrino states, which in the present
model is P = −1. The magnetic moment coefficient µ23 in our model is given by
µ23 =
∑
i
e
2
1
(4pi)2
MN2
M2η
(yi2yi3) , (41)
where yij = hiUij being the derived Yukawa couplings given in Eq. (18) . The values of the
parameters appearing in the N2 decay width are intimately related with those that determine
the light neutrino masses. In Section III, we had set the parameter values to explain the tiny
neutrino mass in the following order,
Mη = 10
6 GeV,MN2 = 100 GeV, (yij)
2 = 10−1 . (42)
Using these in the Eq. (18) we get µ23 ∼ O(10−14) GeV−1. Using Eq. (40), for DM mass around
100 GeV, δ ' 3.5 keV and µ23 ∼ 10−14 GeV−1, we get the lifetime of N2 of the order O(10−44)
GeV, which is exactly what is needed to give the 3.5 keV line. Note that the lifetime of N2 is
then around 1019 sec and hence greater than the age of the universe (1017 sec). Hence the present
model can naturally explain the origin of the claimed 3.5 keV line.
VII. CONCLUSION
In the present work we extended the SM gauge group by a local U(1)Lµ−Lτ gauge group and
a Z2 discrete symmetry. The particles spectrum was extended by three RH neutrinos, one inert
doublet and one SM gauge singlet scalar. We showed that this model explains the observed 3.5
keV line consistently with the relic dark matter abundance in the framework of a model that
generates light neutrino masses radiatively. The Type I seesaw in this model is forbidden by the
Z2 symmetry but tiny neutrino masses are generated via a one-loop diagram involving the RH
neutrino and the inert doublet which does not take any VEV. We considered inert scalar masses
∼ 106 GeV, which is higher than the reheat temperature, and RH neutrino masses ∼ 100 GeV.
Then for parameter choices λ5 ∼ 10−3 and Yukawa couplings y2ji ∼ 10−1 we can get light neutrino
masses Mν ∼ 0.01 eV. The RH neutrino mass matrix in our model is non-diagonal and carries
the Lµ − Lτ flavour structure which ensures that two of the RH neutrino remain degenerate in
the U(1)Lµ−Lτ symmetric limit. The spontaneous breaking of the U(1)Lµ−Lτ gauge symmetry
generates terms in the RH neutrino mass matrix that splits the two degenerate RH neutrinos by
3.5 keV, while the third one remains heavier. The two nearly degenerate neutrinos form the two-
component DM in our model. We showed that the RH neutrinos are predominately produced by
the decay of the extra neutral gauge boson Zµτ , which are taken in the 1 TeV mass range in our
model. The production of RH neutrinos from decay of the additional scalar h2 is subdominant,
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while the annihilation channels have negligible effect. We showed that the peculiar structure of
the unitary matrix (U) which relates the flavour and mass basis of the RH neutrinos ensures
that the decay mode Zµτ → N2N3 is the dominant one among the other channels. Since the
associated gauge coupling gµτ is taken to be very small here, the Zµτ stays out of equilibrium in
the early universe and the RH neutrinos are produced by the freeze-in mechanism. We solved the
coupled Boltzmann equation numerically and showed the dependence of the DM relic abundance
on initial temperature Tini, gµτ , MZµτ and MDM . Finally, we showed that the heavier of the two
DM component N2 can decay into the lighter N3 (N2 → N3 γ) through one loop diagram, thus
producing the 3.5 keV X-ray line that was observed by Chandra satellite. The model parameter
values which determine the lifetime of N2 were obtained through constraints from the light
neutrino mass sector and gave a decay rate of 10−44 GeV for N2. So the lifetime of the heavier
Dark Matter particle is consistent with both the age of the universe as well as the strength of
the observed 3.5 keV line.
Regarding collider observables, this model unfortunately does not give many promising sig-
natures. Indeed all the particles of the gauged µ − τ sector interact with the Standard Model
only via the very small coupling gµτ ∼ 10−11, so that their production at LHC or their effect on
precision observables is very suppressed. If one would be able to produce those states, a long
lifetime and possibly displaced vertices could be the characteristic signature [49, 51, 73]. On the
other hand, more substantial can be the production cross-section for the heavier Higgs boson
h2, depending on its mass the mixing angle α. Unfortunately in this case, its dominant decay
channels are those in Standard Model states through the mixing with the Higgs doublet and so
the connection of this heavy state with the neutrino sector and the U(1)Lµ−Lτ will be difficult to
prove.
VIII. ACKNOWLEDGEMENTS
The authors would like to thank the Department of Atomic Energy (DAE) Neutrino Project
under the XII plan of Harish-Chandra Research Institute. LC would like to thank the Harish-
Chandra Research Institute for hospitality during the initial stages of this work. This project
has received funding from the European Union’s Horizon 2020 research and innovation pro-
gramme InvisiblesPlus RISE under the Marie Sklodowska-Curie grant agreement No 690575.
This project has received funding from the European Union’s Horizon 2020 research and innova-
tion programme Elusives ITN under the Marie Sklodowska- Curie grant agreement No 674896.
19
Appendix
Appendix A: Analytical Expression of relevant Decay width and Collision terms
If we consider a generic process χ(p˜)→ a(p˜1) b(p˜2) (where p˜ = (Ep, p¯)) then the collision term
will take the following form [69, 70],
C[fχ(p)] = 1
2Ep
∫
ga d
3p1
(2pi)3 2Ep1
gb d
3p2
(2pi)3 2Ep2
(2pi)4 δ4(p˜− p˜1 − p˜2)× |M|2
× [fa fb (1± fχ)− fχ (1± fa) (1± fb)] . (A1)
Now the full expressions of the collision terms in Eq. (24) are as follows [19, 21],
• CZµτ→all: Collision term for the extra gauge boson Zµτ decay can be written in the following
way in terms of the parameters which we have introduced in Section IV.
CZµτ→all = −fZµτ (ξp)× ΓZµτ→all ×
rZµτ√
ξ2p B(r)2 + r2Zµτ
. (A2)
where ΓZµτ→all = ΓZµτ→ff¯ + ΓZµτ→NiNj and the expression for the each decay terms are as
follows,
ΓZµτ→ff¯ =
MZµτ g
2
µτ
12 pi
(
1 +
2M2f
M2Zµτ
)√
1− 4M
2
f
M2Zµτ
ΓZµτ→NiNj =
MZµτ g
2
ZµτNiNj
12piSij
(
1− (MNi +MNj)
2
M2Zµτ
)3/2
×
(
1− (MNi −MNj)
2
M2Zµτ
)1/2
×
(
1− (MNi −MNj)
2
2M2Zµτ
)
(A3)
where f = νµ, ντ , µ
± and τ± because of the (Lµ−Lτ ) symmetry of the present model and
the couplings take the following form depending on RH neutrinos,
gZµτN2N2 = −
gµτ
2
(U222 − U232)
gZµτN3N3 = −
gµτ
2
(U223 − U233)
gZµτN1N2 = −
gµτ
2
(U21U22 − U31U32)
gZµτN1N3 = −
gµτ
2
(U21U23 − U31U33)
gZµτN2N3 = −
gµτ
2
(U22U23 − U32U33) (A4)
The statistical factor Sij = 2 for i = j and 1 for i 6= j.
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• Ch2→ZµτZµτ : The collision term for the extra geuge boson production Zµτ from the decay
of BSM Higgs h2 takes the following form,
Ch2→ZµτZµτ = r
8piMsc
B−1(r)
ξp
√
ξ2pB(r)2 +
(
MZµτ r
Msc
)2 g2h2ZµτZµτ6
(
2 +
(M2h2 − 2M2Zµτ )2
4M4Zµτ
)
×
e−
√
(ξmink )
2B(r)2+
(
Mh2
r
Msc
)2
− e−
√
(ξmaxk )
2B(r)2+
(
Mh2
r
Msc
)2 . (A5)
where
gh2ZµτZµτ =
2M2Zµτ cosα
vµτ
,
ξmink (ξp, r) =
Msc
2B(r) rMZµτ
∣∣∣∣ η(ξp, r)− B(r)×M2h2MZµτ ×Msc ξp r
∣∣∣∣ ,
ξmaxk (ξp, r) =
Msc
2B(r) rMZµτ
(
η(ξp, r) +
B(r)×M2h2
MZµτ ×Msc
ξp r
)
,
η(ξp, r) =
(
Mh2 r
Msc
) √
M2h2
M2Zµτ
− 4
√
ξ2p B(r)2 +
(
MZµτ r
Msc
)2
. (A6)
• Γhk→NiNj : Decay width for the SM like Higgs (h1) and BSM Higgs (h2) take the following
form,
Γhk→NiNj =
Mhkg
2
hkNiNj
8 piSij
(
1− (MNi +MNj)
2
M2hk
)3/2
×
(
1− (MNi −MNj)
2
M2hk
)1/2
(A7)
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where the couplings take the following form,
gh2 (1)N1N2 = −
√
2 cosα (sinα)
4
(U11U22heµ + U12U21heµ + U11U32heτ + U12U31heτ )
gh2 (1)N1N3 = −
√
2 cosα (sinα)
4
(U11U23heµ + U13U21heµ + U11U33heτ + U13U31heτ )
gh2 (1)N2N3 = −
√
2 cosα (sinα)
4
(U12U23heµ + U13U22heµ + U12U33heτ + U13U32heτ )
gh2 (1)N2N2 = −
√
2 cosα (sinα)
2
(U12U22heµ + U12U32heτ )
gh2 (1)N3N3 = −
√
2 cosα (sinα)
2
(U13U23heµ + U13U33heτ ) (A8)
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